Water level fluctuation in concrete dams can have a significant effect on stressstrain behavior at different locations in the body of such structures. This effect is more pronounced when earthquake induced forces are present. Sefid-Rud dam, which is located in the northern part of Iran, has suffered from progressive crack development during the earthquake which occurred in that region in 1990. Creation of a longitudinal crack near the normal water level of the mentioned concrete dam while the reservoir was full has occurred. In this paper, using the data of the Rudbar-Manjil earthquake, the behavior of Sefid-Rud dam is modelled numerically. The relation between the water level and dimension of the crack is empirically estimated and verified using the real field measurements indicating a good agreement. Following the dynamical analysis of Sefid-Rud dam, the stressstrain counters are achieved indicating the critical points in the cross section of the concrete dam. Based on these results the location and dimensions of possible cracks are estimated and compared with the measured data available after the mentioned earthquake. The results are encouraging for further development of the proposed model to predict the location and estimate the dimension of progressive cracks in such conditions when the seismic forces due to earthquakes exist.
Introduction
In recent centuries, many concrete dams have been affected by the earthquakes with magnitudes over than 6.5 on the Richter scale that their amount of damages was very high, including Shih-Kang dam in Taiwan (2001), Sefid-Rud dam in Iran (1994) and Hessing Fing Kiang in China (1962) [1] . One of the most important factors influencing the damages severities caused by the dynamic forces is the reservoir water level and the forces derived from it on the dam wall.
Sefid-Rud dam as one of the four large dams in Iran, a non-reinforced concrete buttress type, has been constructed on a river with the same name during 1958 and 1962. The dam's height and crest length are 106 and 425 m, respectively; and it consists of 7 weight blocks and 23 stable blocks, which the length of each block is 14 m. This dam with an initial reservoir volume of 1,800,000,000 m 3 has been located on a basaltic and andesitic foundation in the city of Manjil, Guilan province. With respect to the high-seismicity potential of Central Alborz and its seismic history, the assessment and investigation of the dam's seismic behavior influenced by severe earthquakes is one of the major issues in engineering. Most of the dams that were constructed in the not-so distant past have linearly been calculated with the static-analytical method. Thus, these dams are always vulnerable to non-linear analysis and dynamic forces caused by the earthquake. Therefore, the assessment of these dams against the new forces are very important and effective.
In recent years, many studies have been conducted to make dynamic analysis of the concrete dams using the shaking tables in vitro [2, 3] . Although the scale and material used in the tests are debatable.
A dynamic analysis of the concrete dams has not yet been made regarding the earthquake's impact of the Sefid-Rud dam. In the literature, the critical stresses and their locations, increasing trend of stress and the dynamic forces exerted on the dam wall depend on the factors such as the dam geometry, concrete heterogeneity, the status of reservoir, the reservoir water level, the dam longevity and the characteristics of earthquake that must exactly be applied during modeling procedure of the dam [4] .
Non-linear behavior of concrete
Tensile strength of concrete is one of the important factors influencing the nonlinear behavior of concrete. The tests conducted on the concrete specimens showed that in addition to the mechanical properties of the concrete constituents and the specimen dimensions, the loading speed impacts on the tensile strength of concrete. The results obtained from the studies conducted on the concrete specimens of Sefid-Rud dam, which were exposed to the static and dynamic loading in vitro, showed that the compressive and tensile strength of concrete represent a different behavior, and the concrete compressive and tensile strengths will be increased by increasing the strain rate. According to the split cylinder tests for tension strength, researchers reported that the proportion of tensile strength of concrete in the dynamic loading is almost 1.30, 1.44 and 1.45 times larger than the tensile strength in the statistic loading [5] .
Non-linear concrete model
The Drucker-Prager failure criterion is used for the non-linear concrete model.
where: K and a = constant values dependent material properties that depend on the material adherence and the internal friction angle. I 1 = the sum of main tensions in 3 dimensionality. J 2 = deviatoric tension matrix. If F(I 1 , J 2 ) = 0, there is no problem in the materials and they are not included in the elastic range, but if F (I 1 , J 2 ) ≥ 0, the materials lose their strength and will flow.
The relationship between coefficients K and a and Mohr-Coulomb parameters can be expressed as follows:
For the symmetric flow:
.
For the deviatoric and plain strains:
Therefore, in order to define the non-linear materials with Mohr-Coulomb and Drucker-Prager methods, it is enough to define the parameters v, E, φ and C.
Modeling and allocation of the environmental characteristics
Two modeling methods can be used for modeling the dam and the reservoir water. The first is Lagrange-Lagrange method and the second is Euler-Lagrange method, which the former has been used in this paper. In Euler-Lagrange method, the main parameter of water element is pressure. Therefore, the hydrodynamic pressure can directly be obtained after analyzing the model.
Lagrange-Lagrange method
In this stage, for the dam-foundation-reservoir system, the dynamic equation of motion should be solved according to the nodal point displacements of finite element network as follows [7] : (6) where: M = mass matrix C = damping matrix K = stiffness matrix = acceleration vector = velocity vector = nodal point displacements of finite element network vector = external forces vector According to Fig. 1 , the boundary conditions of dam-foundation-reservoir system will be applied in the planes R1 to R 5 as follows [7] [8] [9] : 
The boundary conditions for the dam-foundation-reservoir in Lagrange method
In Fig. 1 , at the upstream boundary of reservoir (R 1 ), the boundary condition should be applied in order to meet the condition for passing the water pressure waves without any reflection. The depreciation matrix derived from these components can be written as follows [8, 9] :
where: N = shape functions of reservoir parts at the boundary S 1 n = normal vector perpendicular to the boundary = density of the fluid = elastic wave velocity in the reservoir /
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Euler-Lagrange method
In this section, for the structures' environment (dam and foundation), the dynamic equation of motion has been expressed in Eq. (6) in terms of nodal point displacement of structure [7] [8] [9] . The differential equation for the hydrodynamic pressure waves in the reservoir will follow the equations called the quasi-harmonic equations which are expressed as follows [9, 10] :
where: I = unit matrix the second derivative with respect to time = transpose operator Г= internal surface of reservoir Ritz-Galerkin's method was used to solve the above differential equation.
The boundary conditions for the dam-foundation-reservoir system in Euler method
The boundary conditions for the four boundaries of the reservoir are computed as follows [8] [9] [10] :
Boundary conditions for the wave propagation in the boundary (R1) are expressed as follows: (10) (11) where:
= the first derivative with respect to time The integral inside the brackets will be expressed as A 1 and the depreciation matrix is a diffusion one.
Selection of element in the element formulation model
Each element of the ANSYS software has different capabilities that have been determined in the input table for each element (the maximum capabilities for each element is 13). It can be made with the command KEYOPT. For example, with respect to the input table for the fluid element, if KEYOPT(2) = 0, then there is an interface between the element and structures, and the degrees of freedom will be U x , U y and PRES, and if KEYOPT(2) = 0, then there is no interface between the element and structures and the degree of freedom will just be PRES. Therefore, we have two fluid elements (we select the element FLUID29 twice when selecting the fluid element): The first is the fluid element adhered to the dam and the second is KEYOPT(2) = 1 where there is no interface between the fulid elements of the reservoir and dam and KEYOPT(2) = 0.
Since the analysis of gravity dam has been made in terms of the plane strain, we should use KEYOPT(3) = 2 for the element of PLANE82 which has been applied in the dam model (with respect to the input table for element in the guideline of ANSYS elements).
Numerical analyses
In the current study, the dynamic response of dam to the Modal and Harmonic analysis with the horizontal acceleration of 0.5 g and the vertical acceleration of 0.25 g is investigated. This acceleration is almost equal to the ground acceleration in the earthquake of Avaj (Qazvin) and the project acceleration in the reference [6] for comparing the results. Fig. 2 shows the geometric characteristics and boundary conditions. In this model, the damping factor of 5% has been used for the dam and reservoir. The length of reservoir and the width of crest were 200 and 10 m, respectively. 
Characteristics of analyzed dam

Characteristics of the concrete and water
The materials properties are as follows:
The density of concrete = 0.255t -S The tensile strength of concrete = 15% of the compressive strength of concrete (with respect to the factors affecting it), thus its value will be 39.9 Ton/m
Modal analysis
Fig . 3 shows the predominant mode (the first mode) of the ten water level and dam models with an empty reservoir. As can be seen in Fig. 3 , the changes in frequency within the range of 0 0.5 are negligible and the frequency remains in the range of 3.4 and the first mode's frequency will be decreased more quickly by increasing the water level (a > 0.5).
Harmonic analysis
In order to conduct a harmonic analysis, the dam and reservoir system has been analyzed in the frequency range of 0 Hz to 10 Hz. In the most cases, the system response will be increased by increasing the period of dam composed system and dam-reservoir interaction (especially in the horizontal mobility). There is a direct relationship between its increase and the main frequency of reservoir. Generally, a significant error may be made (especially for high dams) if the interaction between dam and reservoir is accounted. Also, the dam flexibility can increase the system's period of vibration. Therefore, this parameter can increase the response too. As can be seen in the tables and Figs 4 and 5, almost all of the stresses are maximized when the reservoir is full. The stress of toe in the empty reservoir has suddenly been decreased due to the removal of water hydrodynamic force. For the dam model with a reservoir water level of 10 m in height, the stress under these conditions is not equal to the stress when the reservoir is full. When the water level of reservoir is decreased to approximately half of the previous level, the stresses are reduced to about 1/2 m of the dam height and then they will be fixed. According to Tables 7 and 8 , the stress in the point of the crest slope variation will be increased. The cracks locations are equal to the cracks locations of static analysis [11] . The cracks in the heels will be developed to the upstream by increasing the loading frequency. The crack in the variation point of the crest slope is limited at this site, which exactly corresponded to the output of ANSYS program. The images for this analysis and the stress distribution inside the dam body are given in the following sections (Fig.  6 ). Analysis of static and dynamic pressures resulted from the water level changes of concrete dams is especially very important in the earthquake-prone areas. Given that Iran is an earthquake-prone country -especially by having the cities such as Roudbar and Manjil that Sefid-Rud dam has been constructed there and they were subjected to one of the biggest earthquake of the past century (in 1990) -this issue will be important more and more. Therefore, the current paper has investigated the impact of different fluctuations of water level into Sefid-Rud dam's reservoir and the seismic forces on the dam's body, and the critical surface tension into the dam's body has been determined in the various locations. The elastoplastic behavior of concrete dam has been assumed and the stress-strain curve of concrete has been used under these conditions. Table 8 : Modified maximum and minimum strains in the water levels of 10 m (in height) from the reservoir bed to the dam crest. 
